Heat-shock protein 90␣ (Hsp90␣) is a member of the molecular chaperone family involved in protein folding and assembly. The role of Hsp90␣ in the developmental process, however, remains unclear. Here we report that zebrafish contains two Hsp90␣ genes, Hsp90␣1, and Hsp90␣2. Hsp90␣1 is specifically expressed in developing somites and skeletal muscles of zebrafish embryos. We have demonstrated that Hsp90␣1 is essential for myofibril organization in skeletal muscles of zebrafish embryos. Knockdown of Hsp90␣1 resulted in paralyzed zebrafish embryos with poorly organized myofibrils in skeletal muscles. In contrast, knockdown of Hsp90␣2 had no effect on muscle contraction and myofibril organization. The filament defects could be rescued in a cell autonomous manner by an ectopic expression of Hsp90␣1. Biochemical analyses revealed that knockdown of Hsp90␣1 resulted in significant myosin degradation and up-regulation of unc-45b gene expression. These results indicate that Hsp90␣1 plays an important role in muscle development, likely through facilitating myosin folding and assembly into organized myofibril filaments. myofibrillogenesis ͉ unc45 ͉ myosin chaperone ͉ Hsp90
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myofibrillogenesis ͉ unc45 ͉ myosin chaperone ͉ Hsp90 T he myofibril of skeletal muscles, consisting of thick and thin filaments, is one of the most organized macromolecular structures in muscle cells. The thick and thin filaments are primarily made of myosin and actin, respectively. The myosin and actin filaments are organized to form highly repetitive structures called sarcomeres, the basic contractile unit in muscles. The precise folding and assembly of filament proteins into organized sarcomeres are critical for muscle development and contraction. Over 20 skeletal muscle diseases are caused by mutations or defective assembly of filament proteins (1, 2) . An understanding of the mechanisms controlling the folding and assembly of filament proteins is the key to understanding many skeletal muscle diseases.
Genetic studies in Caenorhabditis elegans and biochemical analyses in vitro indicate that chaperone-mediated myosin folding is an integral part of myofibril assembly during muscle development (3) . Mutations of C. elegans UNC-45, a myosin chaperone, result in paralyzed animals with severe myofibril disorganization in body wall muscles (4, 5) . UNC-45 associates with heat-shock protein 90 (Hsp90) and acts as a cochaperone in myosin folding and assembly in C. elegans (6) . Hsp90, consisting of Hsp90␣ and Hsp90␤, is a member of the molecular chaperone family that plays an important role in cell proliferation, differentiation, stress management, and cancer (7) (8) (9) (10) . Hsp90␣ and Hsp90␤ are ubiquitously expressed in all eukaryotic cells. They represent some of the most abundant proteins in the eukaryotic cell. Expression of Hsp90␣ is inducible in response to temperature upshift or stress, whereas Hsp90␤ expression is more constitutive.
Hsp90␣ and Hsp90␤ function as molecular chaperones involved in the correct folding of newly synthesized proteins, preventing misfolding and aggregation of unfolded proteins, and assisting the correct assembly and localization of intracellular and secreted proteins (11) . Knockout studies in mice have demonstrated that Hsp90␤ is required for the development of the placental labyrinth (12) . The Hsp90␤ null mutant mouse embryos failed to form a fetal placental labyrinth and died around embryonic day 9.0/9.5. The in vivo function of Hsp90␣ in vertebrate development, however, has yet to be determined.
Recent studies in zebrafish demonstrated that Hsp90␣ is expressed strongly in developing somites and skeletal muscles during development (13) . In vitro studies in myocytes indicated that Hsp90 forms a complex with newly synthesized myosin proteins and is involved in myosin folding and assembly (14) . Inhibition of Hsp90 function by geldanamycin blocks myofibril assembly and triggers accumulation of myosin folding intermediates in C2C12 myocytes (14) . Pharmacologic inhibition of Hsp90 function disrupted somite development in zebrafish (15) . To determine whether Hsp90␣ plays an important role in myofibril assembly during muscle development, we used the knockdown approach to inhibit Hsp90␣ expression in zebrafish embryos. Knockdown studies in zebrafish have been successfully used to analyze gene functions involved in myofibril assembly that are difficult to study in mice via the knockout approach due to early embryonic lethality (16) (17) (18) .
We report here that Hsp90␣1, one of the two Hsp90␣ isoforms in zebrafish, plays a key role in myofibril assembly during muscle development. Knockdown of Hsp90␣1 expression resulted in paralyzed zebrafish embryos without skeletal muscle contraction. Assembly of thick and thin filaments, as well as the M-and Z-lines, was disrupted in skeletal muscles. The myofibril defect could be specifically rescued in a cell autonomous manner by a transient expression of a Hsp90␣1 transgene. Biochemical analysis revealed that the filament defect was probably caused by myosin degradation, because myosin heavy chain (MHC) proteins were barely detectable by Western blot in Hsp90␣1 knockdown embryos. Together, these data suggest that Hsp90␣1 plays an essential role in muscle development.
Results

Zebrafish Contains Two Hsp90␣ Genes, Hsp90␣1 and Hsp90␣2.
Hsp90␣ is ubiquitously expressed in all eukaryotic cells and its expression is inducible in response to temperature upshift or stress. However, Sass and colleagues have demonstrated that Hsp90␣ is specifically expressed in developing somite and skeletal muscles of zebrafish embryos (13) . To better characterize Hsp90␣ expression, we analyzed the Hsp90␣ gene structure and expression in zebrafish. Genome sequence analysis revealed that zebrafish contains two highly related Hsp90␣ genes, Hsp90␣1 and Hsp90␣2. These two genes are closely linked on the same region of chromosome 20, separated by only 698 base pairs from the polyadenylation sequence of Hsp90␣1 to the transcription start site of Hsp90␣2 (Fig. 1A) . Hsp90␣1 encodes a protein of 725 aa, whereas Hsp90␣2 encodes a protein of 734 aa [supporting information (SI) Fig. 6 ]. Sequence comparison revealed that Hsp90␣1 and Hsp90␣2 share 88% identity at the mRNA level and 91% identity at the protein level. The major difference between Hsp90␣1 and Hsp90␣2 lies between positions 237-277 that contain many charged glutamic acid and lysine amino acid residues (Fig. 1B) . Sequence alignment revealed that Hsp90␣2 is more closely related to human and mouse Hsp90␣ (Fig. 1B) and thus likely represents the ortholog of Hsp90␣ in zebrafish. Hsp90␣1 represents a more diverse homolog of Hsp90␣ in zebrafish.
The temporal and spatial patterns of Hsp90␣1 and Hsp90␣2 expression were determined by whole mount in situ hybridization in zebrafish embryos. Hsp90␣1 and Hsp90␣2 exhibited overlapping patterns of expression in developing somites, skeletal and cardiac muscles (Fig. 2) .
Knockdown of Hsp90␣1 Expression Resulted in Paralyzed Zebrafish
Embryos. To determine whether Hsp90␣1 plays a role in muscle development, we knocked down Hsp90␣1 expression in zebrafish embryos. The Hsp90␣1 translational blocker, ATG-MO (MO, morpholino), was specifically targeted to the sequence flanking the ATG start codon of the Hsp90␣1 transcripts (Fig. 1C) . The Hsp90␣1 ATG-MO was injected into zebrafish embryos. The injected embryos were examined morphologically for 10 days after injection. Although the injected embryos appeared morphologically normal (SI Fig. 7 A and B) , one striking phenotype was noted in all Hsp90␣1 ATG-MO injected embryos (n ϭ 289). Hsp90␣1 knockdown embryos were paralyzed, unable to swim, and failed to show any signs of skeletal muscle contraction in response to physical stimulation by touch (SI Movie 1). In contrast, cardiac muscle contraction appeared normal (SI Movie 1). Injection of a higher dose (10 ng) of Hsp90␣1 ATG-MO resulted in edema in most of the injected embryos (94%, n ϭ 65; SI Fig. 7 C and D) ; however, cardiac muscle contraction appeared normal.
Sequence comparison revealed that Hsp90␣2 shares 11 contiguous bases pairings (of 25) with the Hsp90␣1 ATG-MO (Fig. 1C) . This raises the question of whether the muscle phenotype was due to the specific knockdown of Hsp90␣1 or both Hsp90␣1 and Hsp90␣2. To address the question of specificity, a Hsp90␣1-specific splicing MO (E3I3-MO) was injected into zebrafish embryos. Hsp90␣1 E3I3-MO could not knock down Hsp90␣2, because only five contiguous base pairings were found between the E3I3-MO and the sequence at the exon 3 and intron 3 junction of Hsp90␣2 (Fig. 1C) . Injection of the Hsp90␣1 E3I3-MO produced the same muscle phenotype as the Hsp90␣1 ATG-MO in zebrafish embryos. To further confirm the specificity, we made a Hsp90␣2-specific ATG-MO in the identical region as the Hsp90␣1 ATG-MO. Injection of the Hsp90␣2 ATG-MO had no effect on the muscle contraction of zebrafish embryos. Moreover, coinjection of Hsp90␣1 and Hsp90␣2 ATG-MOs showed no additional muscle phenotype compared with injection of Hsp90␣1 ATG-MO alone. Together, these results indicate that the paralyzed muscle defects were indeed caused by the specific knockdown of Hsp90␣1.
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Knockdown of Hsp90␣1 Expression Disrupted Myofibril Organization
in Skeletal Muscles of Zebrafish Embryos. To determine which step of muscle development was affected, Hsp90␣1 knockdown embryos were analyzed for myoblast specification and differentiation using several molecular markers. Expression of an early myogenic specification marker (MyoD) and a differentiation marker (MHC) appeared normal although at reduced levels for MHC in Hsp90␣1 knockdown embryos (SI Fig. 7 ), indicating that Hsp90␣1 is not required for myoblast specification and early differentiation. To determine whether blocking Hsp90␣1 expression might disrupt myofibril organization during myofiber maturation, the Hsp90␣1 knockdown embryos were examined by immunostaining with an anti-MHC antibody. Knockdown of Hsp90␣1 expression severely disrupted the sarcomere formation and thick filament organization in slow muscles. Very few sarcomeres could be detected in Hsp90␣1 knockdown myofibers (Fig. 3B) . Identical phenotypes were obtained with the injection of the Hsp90␣1 splicing E3I3-MO (Fig.  3D) . In contrast, injection with the control MO (Con-MO) or Hsp90␣2 specific ATG-MO had no effect on the sarcomere formation and myofibril organization ( Fig. 3 A and C) , further confirming that the skeletal muscle defects were specific to Hsp90␣1 knockdown.
To test whether the thin filament was also affected by Hsp90␣1 knockdown, the Hsp90␣1 knockdown embryos were stained with anti-␣-actin antibody. Compared with the control-MO injected embryos (Fig. 3E) , Hsp90␣1 knockdown embryos showed few or no thin filaments (Fig. 3F) . To test whether other sarcomeric structures, such as the M and Z lines, were also affected in the Hsp90␣1 knockdown of slow muscles, we analyzed the localization of myomesin and ␣-actinin, the respective M-and Z-line-specific proteins, by antibody staining. Both M-and Z-line organization was significantly disrupted (Fig. 3 H and J) . To determine whether fast muscles located in the medial region of the myotone were affected by Hsp90␣1 knockdown, the Hsp90␣1 morphant embryos were analyzed by histological staining. The results showed that fast muscles contained highly disorganized myofibrils (SI Fig. 8B) . Immunostaining with the anti-myomesin antibody confirmed that the M-line was disorganized in fast muscles of Hsp90␣1 knockdown embryos (SI Fig. 8D ). Together, these data indicate that Hsp90␣1 is required for myofibril organization in both slow and fast muscles during muscle development in zebrafish embryos.
Rescue of Myofibril Defects by Ectopic Expression of Hsp90␣1.
To confirm the specificity of phenotype, we performed a rescue experiment by a transient expression of Hsp90␣1 in the knockdown zebrafish embryos. Muscle-specific expression was directed using a muscle-specific smyd1 promoter (19) . The Hsp90␣1 ATG-MO was unable to inhibit expression of the smyd1-Hsp90␣1 transgene because the 5Ј-UTR sequence targeted by the ATG-MO was replaced with a 5Ј-UTR sequence from the ␤-globin gene. Myofibril organization was analyzed in zebrafish embryos coinjected with the Hsp90␣1 ATG-MO and the smyd1-Hsp90␣1 construct. Over 90% (n ϭ 47) of the coinjected embryos contained normal myofibers with clearly organized sarcomeres (Fig. 4C, Table 1 ). In contrast, coinjection of the Hsp90␣1 ATG-MO with smyd1-GFP vector showed no rescue (Fig. 4D) . The rescue by Hsp90␣1 appeared to be mosaic, likely due to the mosaic pattern of gene expression from DNA injection.
To confirm that the rescued myofibers indeed expressed the Hsp90␣1 transgene, a gene construct (smyd1-Hsp90␣1 myc ) expressing a myc-tagged Hsp90␣1 was coinjected with the Hsp90␣1 ATG-MO into zebrafish embryos. Double immunostaining analysis using the anti-MHC (F59), and the anti-myc antibodies showed that only those myofibers expressing myc-tagged Hsp90␣1 were rescued (Fig. 4 E and F) , suggesting that Hsp90␣1 functions in a cell autonomous manner. To test whether the myofibril defect could be rescued by ectopic expression of Hsp90␣2, a similar rescue experiment was performed using a smyd1-hsp90␣2 myc DNA construct. Double immunostaining revealed that Hsp90␣2 could partially rescue the myofibril defects resulting from Hsp90␣1 knockdown ( Table 1) . Myofibers expressing myc-tagged Hsp90␣2 showed increased myosin expression (Fig. 4 G and H) . However, no organized sarcomeres could be observed in these myofibers (Fig. 4G) . Together, these data indicate that Hsp90␣1 plays a critical role in myosin expression and assembly.
Deletion of MEEVD Domain Reduced Hsp90␣1 Activity. The highly conserved C-terminal MEEVD domain in Hsp90␣ has been implicated in binding with the tetratricopeptide repeat (TPR) in cochaperones (20) (21) (22) (23) (24) . Mutation of the MEEVD domain in Hsp90␣ reduced binding to co-chaperones (6, 20) . We therefore tested whether deletion of the C-terminal MEEVD domain could affect the activity of Hsp90␣1 in myofibril organization. A DNA construct expressing a MEEVD domain deleted Hsp90␣1 (Hsp90␣1m myc ) was generated and used in the rescue assay. Expression of the MEEVD truncated Hsp90␣1 could not be blocked by the Hsp90␣1 ATG-MO (Fig. 4A ). Double staining with anti-MHC and -myc antibodies revealed that MEEVD deletion significantly reduced the activity of Hsp90␣1 in the rescue experiment. Myofibers expressing the truncated Hsp90␣1 exhibited a partially rescued phenotype (Fig. 4 I and J) . Coimmunoprecipitation analysis demonstrated that deletion of the MEEVD domain significantly reduced Hsp90␣1 binding to UNC-45B (Fig. 4B) . Together, these data indicate that that the MEEVD domain is likely involved in Hsp90␣1 function in myofibril assembly.
Knockdown of Hsp90␣1 Resulted in Increased Myosin Degradation in
Zebrafish Embryos. In vitro studies have suggested that Hsp90␣ associates with myosin proteins, and is required for myosin folding and assembly in C2C12 myoblast cells (14) . To test whether knockdown of Hsp90␣1 might disrupt myosin folding and result in myosin degradation, we analyzed the levels of myosin protein in the Hsp90␣1 knockdown embryos by Western blot using the anti-MHC antibody (MF20). MHC protein levels were significantly reduced in Hsp90␣1 knockdown embryos compared with wild type control (Fig. 5A) . In contrast, expression of actin, the key thin filament protein, appeared normal (Fig. 5A) .
The lower levels of MHC proteins could be due to myosin protein degradation or decreased MHC gene transcription and translation. To clarify this question, we analyzed the expression of MHC mRNAs in Hsp90␣1 knockdown embryos by RT-PCR and wholemount in situ hybridization. The results showed that knockdown of Hsp90␣1 expression did not alter MHC gene expression in either slow or fast muscles (SI Fig. 9 ). This was further confirmed by real-time RT-PCR (SI Table 2 ). Together, these data suggest that the low levels of MHC in Hsp90␣1 knockdown embryos were likely caused by protein degradation or poor translation.
Knockdown of Hsp90␣1 Increases unc-45b Expression in Zebrafish
Embryos. It has been shown that myosin chaperone UNC-45 acts as a Hsp90␣ cochaperone in myosin assembly in C. elegans (6) . A zebrafish unc-45 ortholog, unc-45b, is specifically expressed in developing somites and skeletal muscles of zebrafish embryos (25) . Knockdown or mutation of unc-45b resulted in paralyzed zebrafish embryos with muscle defects in thick filaments (17, 26) , a phenotype very similar to that of Hsp90␣1 knockdown.
Highly regulated unc-45 expression is critical for myosin folding and assembly (27) (28) (29) . To test whether knockdown of Hsp90␣1 might alter unc-45b expression, we analyzed unc-45b expression in Hsp90␣1 knockdown embryos by RT-PCR, whole-mount in situ hybridization, and real-time PCR. The results showed that unc-45b expression was significantly increased in Hsp90␣1 knockdown embryos (Fig. 5 B-F) . Analysis by real-time PCR revealed a 3-to 4-fold increase of unc-45b mRNA levels in Hsp90␣1 knockdown embryos (SI Table 2 ). These data indicate a close interaction between Hsp90␣1 and unc-45b in the control of myofibril assembly.
Discussion
Organized myofibril assembly is essential for muscle contraction. In this study, we have characterized the expression and function of Hsp90␣ in zebrafish embryos. Our studies have demonstrated that zebrafish contains two Hsp90␣ genes with similar patterns of expression. Hsp90␣1 plays a key role in myofibril assembly. Knockdown of Hsp90␣1 expression resulted in MHC degradation, which led to paralyzed fish embryos with disorganized myofibrils in skeletal muscles.
Zebrafish Contains Two Distinct Hsp90␣ Genes, Hsp90␣1 and Hsp90␣2.
We demonstrated that zebrafish Hsp90␣1 and Hsp90␣2 are closely linked on the same region of chromosome 20, separated by only 698 base pairs. Hsp90␣1 is almost identical to the previously reported Hsp90␣ (AF068773 or NM131328), with the exception of the 5Ј-UTR sequence and the 30-bp coding region for the first 10 amino acids at the N terminus. Ironically, the 5Ј-UTR sequence and the first 30-bp coding region in the previously reported zebrafish Hsp90␣ are identical to the corresponding sequence reported here for the Hsp90␣2. To determine whether zebrafish embryos express such chimerical mRNA transcripts, we performed RT-PCR analysis using a 5Ј primer from the Hsp90␣2 5Ј-UTR region and a 3Ј primer around the stop codon of Hsp90␣1. No PCR product was generated from such PCR analysis (data not shown). In contrast, a PCR product of the predicted size was generated when the Hsp90␣2 5Ј-UTR primer was used with its own 3Ј primer (data not shown). Similarly, a PCR product was amplified from the Hsp90␣1 transcripts when its own 5Ј and 3Ј primers were used (Fig. 5B) . Together, these data suggest that the chimerical Hsp90␣ transcript previously reported (AF068773 or NM131328) may not exist or at least is not expressed in early zebrafish embryos.
Distinct Functions of Hsp90␣1 and Hsp90␣2 in Muscle Development. It appears that Hsp90␣1 and Hsp90␣2 may have different functions in muscle development. Knockdown of Hsp90␣2 using its specific ATG-MO gave no detectable muscle phenotype. This is consistent with previous report that knockdown of Hsp90␣2 alone in zebrafish embryos did not give rise to severe phenotypes unless Hsp90␤ was knocked down at the same time, producing heart and notochord defects (30) . The lack of muscle phenotype from Hsp90␣2 knockdown is consistent with its poor activity in our rescue assay, which shows that, unlike Hsp90␣1, which consistently showed a strong rescue, ectopic expression of Hsp90␣2 showed poor or no rescue in myofibril organization in Hsp90␣1 knockdown embryos. Together, these data suggest that Hsp90␣1 may play a more critical role in muscle development and its functions cannot be replaced by Hsp90␣2 in zebrafish embryos. Interestingly, we noted that knockdown of Hsp90␣1 alone or in combination of Hsp90␣2 had little effect on cardiac muscle contraction. Immunostaining with anti-myosin and -actin antibodies further confirmed that cardiac muscles were normal although the same embryo showed a clear skeletal muscle defect (SI Fig. 10) . A high dose of Hsp90␣1 ATG-MO injection caused edema in the injected embryos. However, edema is a very common phenotype associated with high doses of MO injection. The lack of a clear heart phenotype from the knockdown of Hsp90␣1 and Hsp90␣2 could be due to the incomplete knockdown of these genes. Alternatively, this could be caused by functional redundancy from Hsp90␤, consistent with a previous report that double knockdown of Hsp90␣2 and Hsp90␤ were required to produce a heart defect in zebrafish embryos (30) .
Chaperones and Myosin Assembly. We showed that knockdown of Hsp90␣1 expression resulted in MHC degradation in zebrafish embryos. Our in vivo data are consistent with previous studies suggesting that Hsp90␣1 may act as a myosin chaperone (14) . In vitro studies have shown that nascent myosin filaments form a complex with Hsp90 and Hsp70 (13) . Efficient folding and assembly of myosin are possible only when it is expressed in muscle cells, suggesting that unique components from muscle cells are required for myosin folding and assembly (31) . These studies are also consistent with previous findings from fission yeast demonstrating that Swo1p (the fission yeast Hsp90 homolog) is important for myosin II assembly (32) . Together, these studies may shed light into the mechanism(s) by which heat-shock proteins are involved in muscle development and atrophy. These studies may also have a biomedical significance because heat shock proteins have been implicated in myopathies in aging muscles. Down-regulation of heat-shock protein expression has been linked to muscle atrophy (33) . Overexpression of Hsp70 in muscles of old mice significantly enhanced their recovery after damage (34) .
It should be noted that, in addition to myosin folding, Hsp90 has been implicated in signal transduction in differentiating C2C12 myoblasts (35) . Inhibition of Hsp90 function by geldamycin results in destabilization of Hsp90-dependent kinases ErbB2, Fyn, and Akt and decreased expression of Myogenin, a key transcription factor in myoblast differentiation (35) . Our studies by Western blot analysis showed that expression of Myogenin protein was not affected in Hsp90␣1 knockdown embryos (Fig. 5A) . However, we could not rule out the possibility that there may be an effect on Myogenin protein phosphorylation.
Although our studies indicate that Hsp90␣1 likely functions as a hsp90␣1-ATG-MO was coinjected with smyd1-gfp, smyd1-Hsp90␣1, smyd1-Hsp90␣1 myc , smyd1-Hsp90␣1m myc , or smyd1-Hsp90␣2 myc DNA construct at the oneor two-cell stages. The injected embryos were scored by myofibril assembly and sarcomere formation using anti-myosin (F59) and anti-myc antibody staining. Coinjection with smyd1-Hsp90␣1 or smyd1-Hsp90␣1 myc rescued the myofibril defect in Hsp90␣1 knockdown embryos. *Embryos that showed no rescue had no myc-tagged Hsp90␣1 expression in slow muscles.
† Partially rescued myofibers. 
